Computational phantoms representing workers and patients are essential in estimating organ doses from various occupational radiation exposures and medical procedures. Nearly all existing phantoms, however, were purposely designed to match internal and external anatomical features of the Reference Man as defined by the International Commission on Radiological Protection (ICRP). To reduce uncertainty in dose calculations caused by anatomical variations, a new generation of phantoms of varying organ and body sizes is needed. This paper presents detailed anatomical data in tables and graphs that are used to design such size-adjustable phantoms representing a range of adult individuals in terms of the body height, body weight and internal organ volume/mass. Two different sets of information are used to derive the phantom sets: (1) individual internal organ size and volume/mass distribution data derived from the recommendations of the ICRP in Publications 23 and 89 and (2) whole-body height and weight percentile data from the National Health and Nutrition Examination Survey (NHANES 1999(NHANES -2002. The NHANES height and weight data for 19 year old males and females are used to estimate the distributions of individuals' size, which is unknown, that corresponds to the ICRP organ and tissue distributions. This paper then demonstrates the usage of these anthropometric data in the development of deformable anatomical phantoms. A pair of phantoms-modeled entirely in mesh surfaces-of the adult male and female, RPI-adult male (AM) and RPI-adult female (AF) are used as the base for size-adjustable phantoms. To create percentile-specific phantoms from these two base phantoms, organ surface boundaries are carefully altered according to the tabulated anthropometric data. Software algorithms are developed to automatically match the organ volumes and masses with desired values. Finally, these mesh-based, percentile-specific phantoms are converted into voxel-based phantoms for Monte Carlo radiation transport simulations. This paper also compares absorbed organ doses for the RPI-AM-5th-height andweight percentile phantom (165 cm in height and 56 kg in weight) and the RPI-AM-95th-height and -weight percentile phantom (188 cm in height and 110 kg in weight)with those for theRPI-AM-50th-height and -weight percentile phantom (176 cm in height and 73 kg in weight) from exposures to 0.5 MeV external photon beams. The results suggest a general finding that the phantoms representing a slimmer and shorter individual male received higher absorbed organ doses because of lesser degree of photon attenuation due to smaller amount of body fat. In particular, doses to the prostate and adrenal in the RPI-AM-5th-height and -weight percentile phantom is about 10% greater than those in the RPI-AM-50th-height and -weight percentile phantom approximating the ICRP Reference Man. On the other hand, the doses to the prostate and adrenal in the RPI-AM-95th-height and -weight percentile phantom are approximately 20% greater than those in the RPI-AM-50th-height and -weight percentile phantom. Although this study only considered the photon radiation of limited energies and irradiation geometries, the NIH Public Access
Introduction
Computational phantoms of the human body serve as a powerful tool to many radiation protection dosimetry studies involving both occupational and medical exposures. In the past 40 years, more than 100 phantoms-spanning three generations with distinctive featureshave been reported and applied to both ionizing and non-ionizing radiation studies (Xu 2009 ). The first-generation of computational phantoms were designed to mimic the anatomy through the use of three-dimensional surface equations (Snyder et al 1978) . These phantoms were later revised to yield a family of phantoms of both genders and different ages (Cristy and Eckerman 1987) . To remedy the lack of anatomical realism and detail in these stylized phantoms, the use of second-generation voxel phantoms has mushroomed since the 1980s (Petoussi-Henss et al 2002 , Caon 2004 , Zaidi and Xu 2007 , Xu 2009 ). Voxel phantoms were constructed based on tomographic images acquired by computed tomography (CT) or magnetic resonance imaging (MRI) of patients, as well as high-resolution anatomical imaging of cadavers such as those from the Visible Human Project in the USA and China (Xu 2009 , Eckerman et al 2009 . A voxel phantom provides an anatomically true representation of the subject who often differs from the average individual. Since the format of the voxels is not convenient for geometric modifications, a relatively new and novel computer graphics method has been adopted to create the third-generation phantoms using the boundary representation (BREP) technologies (Xu 2009 ). BREP phantoms appear in the form of non-uniform rational b-splines (NURBS) or polygon mesh surfaces. BREP phantoms have been found to be better suited than voxels for geometrical deformation and shape adjustment owing to a richer set of computational operations , Xu 2009 ). NURBS, for example, has shown to be capable of real-time cardiac and respiratory motion simulations (Segars et al 2001 , Segars and Tsui 2002 although the anatomical accuracy sometimes is compromised by the priority given to real-time computation. In a previous work reported in 2007, a hybrid BREP method involving both NURBS and polygon mesh surfaces was adopted in the development of a series of RPIpregnant (RPI-P) phantoms . That experience led us to believe that the polygon mesh surfaces may be a better choice than the NURBS for developing deformable phantoms that can be controlled and processed automatically and rapidly without compromising the anatomical realism.
It is worth noting that under the current radiation protection dosimetry paradigm which is based on the 'Reference Man' concept, computational phantoms must contain anatomical parameters defined by the International Commission on Radiological Protection (ICRP) for average populations (ICRP 1975 (ICRP , 2002 . However, several studies have suggested the need to account for body size, or specifically, the quantity of body fat present, when using computational phantoms to calculate radiation doses (Rannikko et al 1997 , Kim et al 2003 , Tung et al 2008 . Instead, an assembly of many phantoms representing different body sizes in terms of height and/or weight is needed. A recent study by Johnson et al (2009) at the University of Florida (UF) presented different sizes of the UF hybrid adult male (UFHADM) phantoms, corresponding to the body sizes of an underweight, average and overweight individual selected from a subset of individuals in the National Health and Nutrition Examination Survey III (NHANES III, 1988 -1994 database, in three different (10th, 50th and 90th) percentile weights and with the same height as of the base UFHADM. These previous studies generally considered adjustments to the phantom size in two-dimensional planes and were concerned primarily with the quantity of subcutaneous fat.
In order to extend the feasibility of this approach to include not only body sizes but also internal organ volumes/masses for both male and female, this study takes advantage of recently developed polygonal mesh-based adult male and female phantoms (Zhang et al 2009) . Although the ICRP reference phantoms are not a statistically rigorous average of any particular population, they are constructed from organs and tissues at the center of their size distributions. Since the magnitude of the height and weight distributions for ICRP data is unknown, the RPI phantoms adapt the anthropometric data for the 50th percentile of the US population for 19 year old males and females included in the updated NHANES (1999) (2000) (2001) (2002) database, which correspond closely to the reference phantom values (McDowell et al 2005) . In this paper, the term 'deformable phantom' is used interchangeably with 'sizeadjustable phantom'. This paper first describes a comprehensive listing of anthropometric parameters and internal organ volume/mass values that cover the distribution of height and weight from the 5th to the 95th percentiles of the presumed worker population. Then, the paper shows how these values are used to deform the base RPI-AM and RPI-AF phantoms into new ones that match new percentile data using software algorithms. Finally, this paper presents a simple application of these phantoms for radiation transport simulations involving exposure to 0.5 MeV external photon beams.
Materials and methods
The schematic flowchart in figure 1 depicts the overall deformation process. In general, a deformable phantom includes two basic components: (1) base phantom(s) with anatomical parameters that match average or reference values and (2) a software tool that facilitates morphing the base phantom into a new one according to desired anatomical parameters. The software component is essential in the practical use of this set of deformable phantoms.
In this study, the computer software MATLAB ® 7.4 was used to implement all of the computational algorithms used to create the size-adjustable phantoms. Previous experience has suggested that the polygonal mesh data structure is better suited for size-adjustable phantom modeling as compared to the voxel approach . Therefore, this study was purposely designed to involve only mesh-based anatomical data.
RPI-AM and RPI-AF size-adjustable phantoms
The base phantoms for this study are a pair of polygonal mesh-based adult male and female phantoms known as the RPI-AM and the RPI-AF which were recently developed at Rensselaer (Zhang et al 2009) . These phantoms were created from the Anatomium™ 3D P1 organ mesh dataset and consist of over 140 deformable organs including their detailed internal organ boundaries with over 500 unique organ structures defined. The mesh data in RPI-AM and RPI-AF have been optimized and prepared for deformation. Adjustments were made to the original data to make these phantoms compatible with anatomical parameters matching the values specified by the ICRP Publications 23 and 89 (ICRP 1975 (ICRP , 2002 . The individual organ masses of the RPI-AM (height: 176 cm, weight: 73 kg) and RPI-AF (height: 163 cm, weight: 60 kg) phantoms were carefully adjusted to agree within 0.5% relative error with the reference values (ICRP 2002 ). The deformation algorithms described later in this paper are applied to these two phantoms to derive new phantoms of desired parameters.
2.1.1. Percentile-specific whole-body sizes-The Centers for Disease Control and Prevention (CDC) has performed periodic surveys of the US population and the anthropometric reference data are available as the National Health and Nutrition Examination Survey (NHANES) (1999) (2000) (2001) (2002) . The report, released in 2005, provides the height and weight data corresponding to the 5th, 10th, 15th, 25th, 50th, 75th, 85th, 90th and 95th percentiles. The height and weight survey data from the NHANES (McDowell et al 2005) of the US population for 19 year old males and females were adopted by this study as a primary reference for deforming the base RPI-AM and RPI-AF phantoms to obtain the 5th-to 95th-percentile RPI phantoms. The percentile distributions of the phantom size are used to correspond to the ICRP organ distribution information described in the following section. The missing multiples of five between the 5th and 95th percentiles were estimated using linear interpolation. The anthropometric parameters of height and weight percentile data for deforming the RPI mesh-based phantoms are shown in table 1 and figure 2. Using these data, the whole-body sizes in terms of weights and heights of the RPI-AM and RPI-AF mesh-based phantoms were adjusted by the appropriate factors applied to the whole-body of base phantoms including the skeleton (cortical bone, spongiosa, and medullary cavity structures) and internal organs. During this scaling process, the skeleton and organs were proportionally preserved in their positions inside of the body. These are then ready to be deformed by the specific organ percentile data described in the following sections.
Correlation between height and weight percentiles-
The NHANES data presented in figure 2 do show the distributions of height and weight in the population without regards to each other. However, at each height point, there is a distribution in weight that is not explicitly provided in NHANES. It does, however, provide the population distributions in terms of the body mass index (BMI) as, defined by the CDC (2009): In this study, the distribution of body weight as a function of the height was estimated from the BMI values reported in the NHANES (1999) (2000) (2001) (2002) (McDowell et al 2005) . Figure 3 represents the RPI-AM and RPI-AF phantom after the weight percentiles have been adjusted according to different heights.
Due to the lack of data on the fat ratio of adult populations, the whole-body phantom was first scaled uniformly to achieve the desired height. In order to realistically depict individuals as underweight or overweight in the same height of phantoms, the skin surface for the desired weight was adopted from an open source software, MakeHuman™ version 0.9.1 RC1I (MakeHuman). The mass of each of the internal organs was then adjusted to the appropriate mass, with residual body fat making up the difference.
2.1.3. Percentiles of internal organs-After the whole-body size adjustments in height and weight, most major organs were deformed to match the organ-specific percentile data which are compiled from various sources. The percentile data for most major internal organs were based directly on the ICRP Publications 23 and 89 (ICRP 1975 (ICRP , 2002 . It was assumed that the distribution of major internal organ volume and mass follows the Gaussian normal distribution (Na et al 2009b) . The percentile data of each major internal organ were then derived from the cumulative pattern analysis for a normal distribution (Zelen and Severo 1972) . As an example, table 2 shows the means and standard deviations (SD) for the lung mass values of the adult male and female. The probability density function (PDF) of individual organ masses was derived from the given mean and standard deviation according to equation (1). The cumulative distribution function (CDF) in equation (2) gives the probability that the random variable of the certain organ size is less than or equal to a given percentile according to the PDF with Gaussian error function as defined by equation (3). The PDF was derived from the mean and standard deviation of volume and mass with the variation of each specific organ:
where is the mean, is the standard deviation (SD) and the Gauss error G(x) is defined as (3) where .
Figures 4(a) and (b) display a plot of PDF and CDF of the lung mass values of the adult male and female constructed using the data from table 2. Table 3 lists all the right and left lung masses of adult male from the 5th to 95th percentile derived from the displayed cumulative distribution functions. The lung volumes could be estimated by the given density of the lung (0.25 g cm 3 ).
In order to estimate the organ-specific percentile data for major internal organs, the same methodologies were used according to the organ ID numbers. In each summary of key organs, the organ volume and mass values in terms of means and standard deviations are listed for easy comparison with information in table 4.
Deformation is difficult for the organs closely located inside certain bone structures (e.g., eyes, spinal cord and inner-tongue). For this reason, through the initial whole-body size adjustment in each different percentile, the shapes of these organs were simultaneously morphed and changed by the adjacent skeletal surfaces. The volume and mass values of the morphed organs were then calculated and regarded as the corresponding percentile organ values.
Software tool for automated deformation
2.2.1. Organ volume calculations-Since the organ boundary deformation is quantified and controlled by the organ volume, it is critical to develop a reliable algorithm for determining the organ volume. For a solid volume of 3D organ meshes, all the surfacenormals of each face must be oriented in the outward-pointing direction as described in figure 5 . The key to calculating the volume defined by a triangular mesh is to decompose it into several elementary tetrahedrons (Ohanian 2005) . Figure 6 depicts an example of a mesh volume calculation involving a simplest polyhedron and a tetrahedron, with vertices. Note how the geometry is decomposed into four different tetrahedrons with the same origin V 0 which is {0, 0, 0}:
The volume of a single tetrahedron, {V 0 , V 1 , V 3 , V 2 }, can then be calculated with the following equation:
In general, to calculate the volume of a closed triangular mesh of arbitrary shape, the mesh can be decomposed into many tetrahedral sub-volumes. Then by using equation (4), the volumes of each of these tetrahedrons can be summed to obtain the volume of the original triangular mesh following equations (5) and (6):
where i is the index of elementary tetrahedrons or triangles. Triangle i has the coordinates of
} which are ordered in such a way that the triangle surface normals are consistent with each other (Zhang and Chen 2001) .
Deformation algorithms-
The RPI-AM and RPI-AF phantoms were used as the starting point for the development of percentile-specific adult male and female phantoms on demand. The first step in the deformation process is to match the reference organ volume data in the phantom with desired volume and mass values for a new phantom. There are two possible approaches to mesh deformation operations. One approach involves the multiplication of a uniform scale factor to 'every' vertex. This method yields a uniformly scaled mesh which keeps the overall mesh shape and reduces or increases the mesh volume. The other approach involves the multiplication of a unique scalar to 'each' vertex along the direction of normals. In our applications, the latter approach was used primarily for the elastic deformation for skeletal structured meshes while maintaining both the position and reference volume information. Then, the other organs were deformed in both approaches with a priority such as internal organs from the anatomical region from the chest to the abdomen (Na et al 2009a , Zhang et al 2009 .
Each deformation operation is an iterative process inwhich 'acceptance criteria' of relative error, typically 0.5%, in the adjusted organ volume is used. To achieve this small volume error, both the uniform scale factor and the unique scalar were evaluated using Newton's method, a well-known numerical analysis iterative technique (Deuflhard 2004) . A solution that meets the acceptance criteria was found with the minimal computational cost. Once the desired mesh volume and deformation factors had been chosen for a user-defined 'acceptable error,' all organ meshes were automatically deformed to match organ-specific percentile volume data. The center of mass of each organ is kept constant during this deformation process (Zhang et al 2009) .
Collision detection to avoid organ overlaps-
The mesh-based RPI-AM and RPI-AF phantoms used in this work contained more than 140 organs or tissues. As these mesh models are deformed to the desired anatomical characteristics, it is essential to avoid overlap of adjacent organs. Surface collisions were detected and corrected using an algorithm based on the ray-casting method (Amanatides and Choi 1997) The first step in this approach was to designate every vertex point as the origin of a ray with the normal pointing from one organ surface to the other. Next, the distance between the origin and the reflecting point of the ray on an adjacent organ surface was calculated. Two surfaces were considered to be in collision if the distance between two mesh-surfaces was less than a pre-determined value, such as 3 mm used for this study as shown in figure 7 . After a surface collision has been detected, the colliding vertex (denoted as a mark in figure 7 ) stops in that position and does not undergo further deformation. This process continues until the entire surface of each organ has been examined and the volume of the organ matches to the target value (Na et al 2009a) .
This procedure assumes that one of the two adjacent organs has a higher priority in a collision. The 'priority organ' can expand its volume while the other organ gives way without changing its volume. Ideally, the organ deformation method should take into account pointwise, physics-based tissue elasticity. In this study, however, the organ density information recommended by ICRP was used to determine the priority of deformation between two organ surfaces. Less dense organs were assumed to give way in a collision to more dense organs. (i.e. a softer organ gives way to a harder one).
Monte Carlo dose calculations
2.3.1. Procedure to convert mesh-based geometry to voxel phantomsCurrently, most Monte Carlo codes do not directly handle mesh-based geometries. Hence, to utilize a deformable phantom in Monte Carlo dose calculations, the mesh-based geometry must be converted to voxels. The RPI-AM and RPI-AF phantoms were converted to voxels with dimensions of 3.0 mm and 2.5 mm for a male and female, respectively. The relative errors in the final organ masses are less than 0.1% except for small organs such as eye lens. A software tool has been developed in Visual C++ using parity-counting and ray-stabbing methods for polygonal surface meshes which are closed or watertight (Zhang et al 2009) .
The ray-stabbing method is suitable for closed meshes, but the parity-counting method was also used in this process for certain tissues, such as the vessels and muscles, which are composed of open meshes. Figure 8 shows a typical task designed to verify the accuracy of the conversion by inspecting the skeleton and internal organs before and after the mesh voxelization process.
Monte Carlo simulations for absorbed organ doses-
The final step of the workflow summarized in figure 1 is to link the voxel phantom with tissue density and elemental composition information (ICRU 1992) so that radiation transport through the phantom can be modeled correctly in a Monte Carlo code. In this study, the Monte Carlo NParticle eXtended (MCNPX) code was used for organ dose calculations (Pelowitz 2005) . The absorbed organ doses for the external photon exposures in the anterior-posterior (AP) direction with different percentile phantoms were calculated and compared. Each specific organ's elemental composition was based on the reference values in ICRP Publication 89. For this paper, we considered 0.5 MeV photon energy. The MCPLIB04 cross-sectional library for the atomic interactions based on EPDL 97 evaluation was used. For electron transport, the standard library EL03 was used.
Results and discussions

Deformable phantoms
The ICRP 89 reference adult data were chosen as the 50th percentiles of the RPI-AM and RPI-AF phantoms deforming to different percentile individuals based on the height and weight data of NHANES (1999) (2000) (2001) (2002) . The 50th percentile data regarding the heights and weights of the NHANES adults, however, do not exactly fall at the ICRP reference adults, but the 50th percentile of 19 year old males and females was nearly close to the both reference values. Moreover, the differences of height and weight values between adults and 19 year old males and females on the NHANES are a narrower breakdown by age for adults (McDowell et al 2005) . In this study, the height and weight percentile data of the RPI-AM and RPI-AF were based on the 50th percentile values of 19 year old males and females from NHANES. Since the deformation is based on software methods, this set of data can be easily adjusted in the future using different anthropometric references.
Individual organ volume and mass values within the 5th-to 95th-percentile range have been defined. Using uniform heights of 176 cm (males) and 163 cm (females), figure 9 shows the 5th-, 25th-, 50th-, 75th-and 95th-weight-percentile male and female phantoms representing individuals with variation in body weight, while the heights are kept the same. The skin of the phantoms was preprocessed to yield manifold meshes before being deformed to match the desired volume and mass. Most organ positions were proportionally kept at the same locations in the deformed RPI-AM and RPI-AF phantoms; the entire body weight was adjusted by reducing or adding fat under the skin.
When both the height and weight change, there are many possible combinations, making the management of these data and corresponding phantoms difficult. Figure 10 presents the RPI-AM and RPI-AF height and weight percentile phantoms that are designed to represent the estimated 5th-, 50th-and 95th-height and -weight percentiles based on table 1. The individual organ percentile data of the phantoms are classified according to the body size in terms of height and weight. Table 5 summarizes the organ masses for the RPI-AM and RPI-AF size-adjustable phantoms in our study.
The entire organ deforming process was completed automatically within 5 min on a PC operated on Intel ® Centrino ® Duo CPU of 2 GHz with 1 GB of RAM. The percentilespecific phantoms have the same number of organs and muscles as well as the bone structures (52 internal organs, 4 set of muscles, 45 bone structures), as the RPI-AM and RPI-AF phantoms for 50th percentiles.
Monte Carlo calculations
The calculations of absorbed organ doses involved three adult male phantoms representing the 5th-, 50th-and 95th-height and -weight percentiles-165, 176 and 188 cm in height and 56, 73 and 110 kg in weight-respectively. In the MCNPX simulations, each of these phantoms was irradiated by the 0.5 MeV broad external photon beams as shown in figure  11 .
Absorbed organ doses from the 50th-height and -weight percentile phantom-one that resembles the Reference Man-were used to compare organ doses from the other two phantoms and the results are presented in figure 12 with 0.5 MeV phantom beams in AP irradiation geometry. It can be observed that the 5th-height and -weight percentile phantom receives higher absorbed organ doses than the 50th-height and -weight percentile phantom because of less photon attenuation from smaller amount of body fat in a slimmer and shorter individual male. In particular, the equivalent doses to the prostate and adrenal in the 5th-height and -weight percentile phantom are about 10% more than those in the 50th-height and -weight percentile phantom. By comparison, the 95th-height and -weight percentile phantoms resulted in a lower absorbed organ doses and the doses to the prostate and adrenal are approximately 20% smaller than those in the 50th-height and -weight percentile phantom. It is clear from the results that the variation in the body fat concentrated near the abdominal regions is responsible for the equivalent dose differences. Although not included in this paper, results for 1 MeV photon beams follow a similar trend as that shown in figure  12 . The results suggest a general finding that phantoms representing a slimmer and shorter individual male received higher absorbed organ doses because of less photon attenuation due to smaller amount of body fat. However, more radiation types and various energies should be investigated in the future to fully understand the dosimetric differences in phantoms of difference sizes.
Several previous studies (Rannikko et al 1997 , Kimet al 2003 , Tung et al 2008 , Johnson et al 2009 presented the organ dose calculation results from the different weight phantoms but with the same height. In these studies, the 2D cross-sections including outer body skin contour and organ contours inside the phantoms were proportionally modified or scaled to change the total weights of phantoms. Unlike these studies, the size-adjustable RPI phantoms are able to deform not only the body sizes in weight and height, but also their organ masses according to the different percentile data suggested by this study.
Conclusions
In this study, a detailed approach to the development of next-generation deformable phantoms covering different body heights and weights has been demonstrated. Comprehensive anthropometric references from the NHANES report (1999) (2000) (2001) (2002) and ICRP Publications 23 and 89 were adapted to compile a range of body height and weight values. With mesh-based organ deformation algorithms, a new phantom can now be created, on demand, to match any desired volumes and masses included in the dataset. To demonstrate the feasibility for dose calculations, phantoms representing 5th-, 50th-and 95th-height andweight percentiles were created and implemented in the MCNPX code to compare absorbed organ doses from 0.5 MeV photon beam irradiations. The results support a general finding that the phantoms representing a slimmer and shorter individual received higher absorbed organ doses because of lesser degree of photon attenuation by smaller amount of body fat.
This study has proposed a strategy for developing future phantoms that are deformable. These new phantoms rely on a deformation software component that works with a pair of base adult male and female phantoms of detailed mesh geometries. A new phantom is only created when needed, thus avoiding the burden of storing an overwhelmingly large amount of anatomical phantom data required to cover various body and organ sizes. Furthermore, in this approach, the anatomical details can be accurately and consistently persevered. In the future, the anatomical references may have to be updated to include the most recent information (such as when the ICRP modifies the list of critical organs). With the advantage of flexible deformation software methods demonstrated here, it is easy to update anatomical parameters. This study also suggests that, given person-specific anatomical information (even partial body information such as those from medical images), a new phantom can be created to reflect that person (for that portion of the body, plus the rest of the body not imaged), thus offering an opportunity to perform person-specific dosimetry for certain situations involving high radiation exposures. This approach will require image registration between patient images with the existing phantom and similar deformation algorithms described here. Recently, this approach was attempted by Alziar et al (2009) for assessing organ doses from radiation treatment. Finally, it should be pointed out that, since the deformation is performed with polygon mesh surfaces, developing ways in the future to perform Monte Carlo calculations directly in such geometry instead of converting to voxels will improve dose calculation. Flowchart of deformable mesh-based phantom modeling for Monte Carlo organ dose calculations. Statistical analysis for the lungs of the RPI adults: (a) probability density function (PDF); (b) cumulative density function (CDF). Vertex numbering and triangular surface normals in: common Edges ; Surface Normal N 3,1,2 , N 4,3,2 , N 4,2,5 ; Faces(or triangles) Polygonal mesh deformation algorithm with illustration of the collision detection algorithm for mesh surfaces A and B representing two organ surfaces: a collision point between two surfaces occurs when the distance between a vertex (labeled as ) to the other surface along the normal direction is less than a pre-determined value. The detection continues until all the vertices on both surfaces have been examined this way. Phantoms representing workers of 5th-, 50th-and 95th-height and -weight percentile (weight: 56 kg, 73 kg and 110 kg, and height: 165 cm, 176 cm and 188 cm, respectively) exposure to 0.5 MeV phantom beams in AP irradiation geometry. Equivalent doses to organs in differences of 5th-, 50th-and 95th-height and -weight percentile (weight: 56 kg, 73 kg and 110 kg, and height: 165 cm, 176 cm and 188 cm, respectively) phantoms of irradiated by 0.5 MeV parallel photon beams in the geometry. Table 1 Heights (cm) and weights (kg) for the RPI-AM and RPI-AF size-adjustable phantoms using data adopted from McDowell Table 2 Mean (μ) and SD ( ) values of lung masses for the RPI-AM and RPI-AF phantoms.
Gender Left lung (μ ± ) Right lung (μ ± )
Male 553 ± 186(g) 647 ± 223(g) Female 422 ± 129(g) 528 ± 189(g) Table 3 Percentile values for mass and volume of the left and right lungs in the RPI adult phantoms. Table 4 Mean and standard deviation (Mean ± SD) in major internal organ volume and mass values for the RPI adult phantoms. 130.00 ± 20.00
RPI-AM
RPI-AF
RPI-AM (mean ± SD) RPI-AF (mean ± SD)
ID
122.64 ± 18.87 (Boyd 1933 (Boyd , 1941 (Boyd , 1952 , (IAEA 1998) (1975, 2002) summarized several papers that provided information of organ-specific standard deviation (SD). The papers are listed below. Table 5 List of organ masses for the RPI-AM and RPI-AF height and weight percentile phantoms. 
RPI-AM organ mass (g) percentiles RPI-AF organ mass (g) percentiles
ID
